Pineapple, Ananas comosus (L.) Merr., is a perennial, xerophytic monocot in the Bromeliaceae family (13) . Planting materials used for commercial production are typically the crown from the top of the fruits (19) . The planted crowns, referred to as the plant crop, will each produce a single pineapple fruit 18 to 20 months after planting (19) . Following plant crop harvest, a ratoon crop develops from suckers produced on the stem of the plant crop plants (13) . Fruit from the ratoon crop is harvested in approximately 12 to 15 months (19) . Pineapple can be affected by many different pests and pathogens (20) . Among the most serious are plant-parasitic nematodes and the complex of closteroviruses associated with mealybug wilt of pineapple (MWP). Rotylenchus reniformis and Meloidogyne javanica are the major plant-parasitic nematodes that occur throughout the pineapple growing areas of Hawaii (20) . R. reniformis reduces plant crop yields (30, 31) and devastates first ratoon crops (20) . Effects of the nematodes are mitigated by an intercycle fallow, preplant soil fumigation, and postplant nematicide applications (30) .
Mealybug wilt nearly destroyed the Hawaiian pineapple industry in the early 1900s (3) and continues to pose a threat to yields (7, 8, 21, 25, 27) . Two distinct closteroviruses have been found in pineapple plants from Hawaii and around the world (10, 15, 24, 26, 28, 34) . The incidence of Pineapple mealybug wilt associated virus-1 (PMWaV-1) varies from 20 to100% in healthy-appearing Hawaiian-grown proprietary selections (9, 28) . Infection incidences of PMWaV-2 are lower, ranging from 0 to 36% in the same selections (28) . Crowns collected from these selections are used to establish plant crops and, if infected with PMWaVs, serve as a primary virus source in the field. Infections have been perpetuated through this clonal propagation of pineapple for decades (9, 28) . Both PMWaV-1 and PMWaV-2 are mealybug-transmitted (24, 26, 29) . PMWaV-2 and mealybugs both play a role in MWP symptom induction, whereas PMWaV-1 does not appear to be necessary for symptom development (8, 24, 26) . Although PMWaV-1 infection may not be directly involved in MWP, its presence correlates with growth reduction in the plant crop (23) and reduces fruit yield in the ratoon crop (25, 27) . Nematodes and virus infection each affect the profitability and continued cultivation of pineapple in Hawaii.
Impacts of interactions between plant stresses are not uncommon. Nematode interactions with fungi, bacteria, and viruses have been documented to synergistically elicit certain diseases in some species. For example, Meloidogyne and Fusarium together can exacerbate wilts of cotton and tobacco (4, 14, 32) , and Criconemella and Pseudomonas syringae pv. syringae cause short life of peach trees (18) . PMWaV-1 infection has a greater reduction on ratoon crop yield in the presence of environmental stress such as drought (25) . We investigated the effects of PMWaV-1 infection on R. reniformis populations under greenhouse conditions and evaluated the effects of these two pathogens together on pineapple growth, fruit maturation date, and yield in a commercial pineapple field.
MATERIALS AND METHODS
Greenhouse experiment. An experiment using a completely randomized design was established to determine the effect of PMWaV-1 infection on pineapple growth and reproduction of R. reniformis. The experiment was repeated three times. Pineapple crowns were assayed for PMWaV-1 infection using a tissue blot immunoassay (TBIA) with PMWaV-1-specific monoclonal antibody (MAb) 35-6-5 (9,10) and categorized based on infection status. Steam-sterilized soil was placed in 25-cm-diameter clay pots. Ten PMWaV-1-free and 10 PMWaV-1-infected pineapple crowns were randomly assigned to the pots for each replicate. Plants were treated with 20-ml aliquots containing 10,000 eggs of R. reniformis or sterile water. Plants were grown for 9 months and were then harvested. The D-leaf, which is the largest mature leaf (13) , was removed and weighed. Shoots were separated from roots. Fresh weight of shoots and roots was recorded. Roots were shaken in a sodium hydrochlorite solution (11) to extract eggs. A 250 cm 3 soil subsample was elutriated to extract nematodes (2, 12) . Data were analyzed for variance and, where appropriate, means separation procedures were used (SAS Institute, Cary, NC).
Field experiment. An experiment using a randomized complete block design with treatments arranged factorially and replicated five times was established in a commercial pineapple field on Oahu, HI. Plots of 154 plants were 10 m long and two beds wide. Each bed consisted of two rows with crowns planted on 26-cm centers. Treatments consisted of PMWaV-1-free or PMWaV-1-infected pineapple crowns and preplanting treatment or no treatment with nematicide. A treatment of 1,3-dichloropropene at 383 kg a.i./ha was used to establish plots with nondetectable R. reniformis populations. Plant heights and Dleaf weights were recorded 6 and 12 months after planting. D-leaves were collected from 10 randomly selected plants in each plot. Mature fruit from the plant crop were harvested at weekly or bimonthly intervals as fruit matured. Virus status was confirmed with TBIA using MAb 35-6-5 specific for PMWaV-1. Weights of fruits with crowns attached (100 per plot) and date of harvest were recorded for plant and ratoon crops. Commercial fresh fruit packing sizes were used to categorize fruit as follows: size 7 (2.6 to 2.9 kg); size 8 (2.1 to 2.5 kg); size 10 (1.7 to 2.0 kg); size 12 (1.4 to 1.6 kg); size 14 (1.2 to 1.3 kg); size 16 (1.0 to 1.1 kg); Under (<1.0 kg); and Over (over 3.0 kg). Yield data were analyzed with ANOVA, and means were separated where appropriate (SAS). Height measurements were analyzed with repeated measures ANOVA and orthogonal polynomial contrasts. Wilcoxon rank sum tests were used to compare the percentage of fruit produced in each size class between treatments. Bonferroni multiple comparisons procedure was used to compare confidence intervals of the percentage of plant crop fruit harvested from each treatment for each date. Ripening slopes between intervals were compared with confidence intervals for b (5).
RESULTS
Greenhouse experiment. The effect of PMWaV-1 infection on pineapple growth and nematode reproduction was not significant. Crown weight did not differ between PMWaV-1-free and PMWaVinfected plants at time of planting (P > 0.10). D-leaf weights were slightly smaller from PMWaV-1-infected plants, but root weight was slightly greater (Fig. 1) . R. reniformis reproduction was also similar between treatment groups. More nematode eggs were recovered from PMWaV-1-free plants than from PMWaV-1-infected plants (Fig. 1) . The numbers of eggs per g root was slightly greater from the PMWaV-1-infected plants (P > 0.10) than from PMWaV-1-free plants.
Field experiment. In the plant crop, absence of nematodes at planting correlated with increased pineapple growth. D-leaves were longer and heavier at 6 months (P < 0.01) and 12 months (P < 0.01) after plant- ing (Table 1) , and plant height was greater from plots that received nematicide (P < 0.01) ( Table 2) . Virus status across nematode treatments was not different for D-leaf lengths or weights at 6 months (P > 0.20) or 12 months (P > 0.16) after planting (Table 1) , or for plant height (P < 0.07) ( Table 2 ). Nematode infection of the plants across virus treatment reduced the average plant crop fruit weight (P = 0.001), whereas PMWaV-1 infection across nematode treatment did not (P > 0.14) ( Table 1) .
Fruit from PMWaV-1-free plants in plots that received preplant nematicide treatment were larger than PMWaV-1-free and PMWaV-1-infected plants that did not receive preplant nematicide treatments (P < 0.05) but were not different from PMWaV-1-infected plants given a preplant nematicide treatment (Table 2) . Average fruit weight increased as PMWaV-1 infection or nematodes were removed from the plants ( Table 2) . Interaction between the two pathogens was not significant (df = 1; F = 0.79; P = 0.39). The highest percentage of fruit produced in plots without nematodes or composed of PMWaV-1-free plants was size 8, whereas the highest percentage of fruit produced by plots consisting of PMWaV-1-infected plants with nematodes was the smaller size 10 fruit (Fig. 2) . Across nematicide treatments, PMWaV-1-free plants produced more fruit than PMWaV-1-infected plants when size classes 7 and 8, or 7, 8, and 10 were combined (P < 0.03 and P < 0.04, respectively). More early maturing fruits (30%) were produced by plants infected with PMWaV-1 than from PMWaV-1-free plants during the first 4 weeks (Fig. 3) . After the fourth week, the slopes representing the rates of fruit maturation were similar between PMWaV-1-infected and PMWaV-1-free plants. The number of early ripening fruit did not differ between nematode treatments after the fifth week of harvest (P > 0.10).
In the ratoon crop, PMWaV-1 infection affected yield (P < 0.01), whereas preplant nematicide treatment did not (P > 0.10). PMWaV-1 infection caused a greater reduction in fruit weight than did presence of nematodes. Across nematicide treatments, PMWaV-1-free plants produced fruit 155 g (9%) heavier than fruit from PMWaV-1-infected plants ( Table 1 ). The average fruit weight was greatest in the PMWaV-1-free plots with R. reniformis ( Table 2) . Interaction between the pathogens was not significant (df = 1; F = 2.14; P = 0.163). In general, more of the fruits produced in the ratoon crop (Fig. 4) separated into smaller size classes than did the fruits produced in the plant crop (Fig. 2) . Across nematicide treatments, a higher percentage of ratoon fruit were produced in PMWaV-1-free plots than in PMWaV-1-infected plots (P < 0.01) when sizes 7, 8, and 10 were pooled. Plots that did not receive preplant nematicide treatments produced more fruit in the size 8 (large) category than plots treated with nematicide (Fig. 4) . Also, more fruit were produced in the Under and size 16 categories in the PMWaV-infected plots.
The number of fruit produced by the plant crop did not differ between treatments. However, in the ratoon cycle, PMWaV-1 infection across nematode treatment reduced the mean number of fruit produced per plot (P < 0.02) ( Table  1 ). More ratoon fruit were produced in PMWaV-1-free plots than in PMWaV-1-infected plots across nematicide treatment (Table 1) . Across virus status, treatment with nematicide did not impact the number of fruit produced in the ratoon cycle (P > 0.94). Interaction between nematode treatment and PMWaV-1 status on fruit number was detected in the ratoon crop (P < 0.03). PMWaV-1 infection with nematodes resulted in fewer ratoon crop fruit produced per plot than PMWaV-1-free plants that received a preplant nematicide treatment during the plant crop (Table 2) .
DISCUSSION
In the pineapple plant crop, R. reniformis had the greatest effect on total yields based on weight. The nematode treatments did not have an effect in the ratoon crop. In this crop, nematode populations may have built up in the plots that previously received a preplant nematicide treatment. This buildup may have obscured the yield improvements that could have been realized if postplant nematicides had been used on these plots. PMWaV-1 infection could potentially reduce yields up to 30% because of early ripening in the plant crop. PMWaV-1 infection did not have an effect on the average fruit weight in the plant crop but caused a reduction in average fruit weight in the ratoon crop. This supports earlier findings with a different A. comosus proprietary selection where PMWaV-1 infection reduced yield in the ratoon crop, but effects in the plant crop were minimal (25) . The lack of interaction effects between the nematodes and PMWaV-1 suggests additive effects from the two pathogens. Similar effects between drought and PMWaV were observed in a ratoon cycle (25) .
PMWaV-1 infection had no effect on reniform nematode reproduction during the first 9 months of growth when pineapple plants were grown in pots in the greenhouse. Thus, the occurrence of PMWaV-1-infected plants in the field may not contribute to increased populations of reniform nematode, at least in the early crop cycle. The effect of PMWaV-1 infection on populations of other nematodes such as the rootknot nematode, M. javanica, was not investigated and may be different from R. reniformis.
Differences between PMWaV-1-infected and PMWaV-1-free plants with regard to the production of pineapple fruit exhibiting yellow shell color, an indicator of ripeness, were dramatic and have great implications for economic production of pineapple. Early-ripening fruit in the PMWaV-1-infected plots required harvesting as much as 10 weeks ahead of the majority of the fruit in PMWaV-1-free plots for the field to obtain maximum yields. Asynchronous fruit maturation resulting in such a broad ripening period is commercially unacceptable. Out of cycle or precocious ripening fruit complicate harvest date predictions and require high harvest labor input due to the scattered nature of the fruits and the difficulty in locating lodged fruit, which results in increased time required to harvest a unit area. Unripe fruit may be damaged during the harvesting of precocious fruit, but if left unharvested, precocious fruit will be overripe when the majority of the fruit in the field are scheduled for harvesting (22) . Precocious fruiting has been one of the major limiting factors for pineapple production throughout pineapple growing areas (16, 22, 33) . In our study, if these early-ripening fruit had not been harvested, it would have represented a 30% loss from PMWaV-1-infected plants. In commercial practice, pineapple is induced to flower (forced) with ethylene-releasing agents such as 2-chloroethylphosphonic acid (ethephon), acetylene, or auxins in order to produce synchronous and predictable fruit production and maturation (17, 33) . Natural flowering prior to forcing reduces yields and disrupts harvest scheduling. The causes of natural flowering have been correlated with the attainment of a minimum plant size threshold and the presence of short days and cool temperatures (1, 6) . In our study, although plant weights were not taken, height and D-leaf sizes of PMWaV-1-infected and PMWaV-1-free plants were not different between treatments, and plants were exposed to similar night and day temperatures. Thus, the occurrence of early ripening fruit cannot be explained by leaf size or height and may be related to PMWaV-1 infection.
Ratoon crop yields were lower for several reasons. Planting densities were the same for all treatments, but reduced or delayed suckering was observed in the ratoon crop, culminating in reduction of fruit bearing plants at the time of ratoon harvest. Also, in the ratoon crop, more fruit were produced in the size 16 and Under size categories by PMWaV-1-infected plants. Smaller plants typically produce smaller fruit. These small fruit sizes are undesirable for packing and are considered discards by the commercial fresh-fruit packing houses in Hawaii. Higher plant crop and ratoon yields can be produced by the use of PMWaV-1-free planting material.
This study was initiated prior to characterization of a second pineapple closterovirus, PMWaV-2 (15) , and production of a PMWaV-2-specific monoclonal antibody (26) . PMWaV-2 infection rates in the pineapple cultivar selection used for this study are near 1% in PMWaV-1-free, healthyappearing plants and less than 1% in PMWaV-1-infected plants (28) . We do not know how PMWaV-2 might interact with nematodes. PMWaV-1-infection increases the number of early, asynchronously maturing fruit by 30% in the plant crop and reduces pineapple fruit weights by 9% in the ratoon crop. Thus, elimination of PMWaV-1-infection and the control of R. reniformis can lead to maximum pineapple yields.
